ABSTRACT Myeloid cells have diverse roles in regulating immunity, inflammation, and extracellular matrix turnover. To accomplish these tasks, myeloid cells carry an arsenal of metalloproteinases, which include the matrix metalloproteinases and the adamalysins. These enzymes have diverse substrate repertoires, and are thus involved in mediating proteolytic cascades, cell migration, and cell signaling. Dysregulation of metalloproteinases contributes to pathogenic processes, including inflammation, fibrosis, and cancer. Metalloproteinases also have important nonproteolytic functions in controlling cytoskeletal dynamics during macrophage fusion and enhancing transcription to promote antiviral immunity. This review highlights the diverse contributions of metalloproteinases to myeloid cell functions.
INTRODUCTION
Myeloid cells play significant roles in tissue remodeling, including the turnover of extracellular matrix (ECM), regulation of inflammation, and progression of cancer. Proteinases are important mediators of these processes and myeloid cells are major sources of proteinases, including the matrix metalloproteinases (MMPs). Indeed, the first cellular sources of MMPs, collagenase (MMP8) and gelatinase B (MMP9), were discovered in neutrophils (1, 2) . Papers published in the 1970s and 1980s demonstrated that macrophages also secreted collagenolytic (MMP8), gelatinolytic (MMP9), and elastinolytic (MMP12) metalloproteinases that degrade components of the ECM in the extracellular, pericellular, and lysosomal compartments (3) (4) (5) (6) (7) . Taken together, these early discoveries suggested that metalloproteinases produced by myeloid cells have a major role in the remodeling of the microenvironment.
The metalloproteinase family includes the MMPs; the adamalysins, which include ADAM (a disintegrin and metalloproteinase) and ADAMTS (a disintegrin and metalloproteinase with thrombospondin motifs) enzymes; as well as the astacins. These multimodular enzymes share a common, highly conserved motif (HEXXHXXGXXH) containing three histidine residues that coordinate a zinc ion at the catalytic site, which is critical for carrying out hydrolysis of protein substrates. Together, metalloproteinases can cleave nearly all components of ECM (8) and are widely expressed during normal development as well as in disease states such as fibrosis, regeneration following tissue damage, and cancer (reviewed in reference 9). We focus this report on the MMPs, because they have been more actively studied, and to a lesser extent discuss the role of adamalysins in myeloid cells.
MEMBERS OF THE METALLOPROTEINASE FAMILY
The MMP family of endopeptidases includes 23 human and 24 mouse members. The soluble and cell surfacebound MMPs process substrates through proteolysis and clip short fragments from cytokines, chemokines, and growth factors to alter their bioactive properties.
In addition, they actively participate in ectodomain shedding of cell surface receptors, which affects the protein composition of the plasma membrane and the cellular interactions with growth factors and the microenvironment. After cleavage of cell surface receptors by MMPs, the intracellular and intramembrane portions of these receptors can undergo further cleavage to release proteins that have additional intracellular functions, allowing MMPs to serve as crucial regulators of cell signaling.
Structurally, MMPs consist of an amino-terminal signal peptide required for extracellular secretion, a propeptide domain required for activation, a catalytic domain responsible for proteolysis, a linker peptide (hinge region), and a carboxy-terminal hemopexin (HPX) domain required for recognizing protein partners and determining substrate specificity (Fig. 1) . MMPs are initially expressed and secreted as zymogens, which are enzymatically inactive (also called pro-MMPs). This is achieved by the interaction of a cysteine residue of the propeptide domain FIGURE 1 MMP structure and expression in myeloid cells. (Top) MMPs have a basic structure composed of functional subdomains. All MMPs have a "minimal domain" comprising an amino-terminal signal sequence that directs them to the endoplasmic reticulum, a propeptide domain with a cysteine that provides a zinc-interacting thiol (SH) group to maintain them as inactive zymogens, and a catalytic domain with three histidines that form a zinc-binding site (Zn). Most MMPs contain additional domains, the most common of which is the carboxy-terminal HPX-like domain, which mediates interactions with TIMPs, cell surface molecules, and proteolytic substrates. This domain is composed of a four-β-propeller structure and contains a disulfide bond (S-S) between the first and the last subdomains. MT-MMPs have an additional single-span transmembrane domain (TM) and a very short cytoplasmic domain (Cy). (Bottom) Expression of MMPs in myeloid cells. Neutrophils and macrophages release a variety of proteinases into the extracellular space during diverse biological processes including infection, tumorigenesis, and tissue repair. While neutrophils and macrophages are able to express several MMPs, the specific MMPs expressed by each cell type depend on the tissue microenvironment. In addition, both neutrophils and macrophages express a number of ADAM and ADAMTS proteins (not depicted here) that are important for their function and for regulating inflammation and signaling. The adamalysins include ADAM and ADAMTS proteins (13) . To date, 21 ADAM genes have been identified but only 12 encode proteolytic proteins, indicating that many ADAMs have nonproteolytic functions (14) . Those with proteolytic activities are called sheddases because of their major role in cleaving transmembrane protein ectodomains (15) . In lieu of the HPX domain, ADAMs instead contain a cysteine-rich region, a series of epidermal growth factor-like repeats, and a disintegrin domain, which mediate cell-ECM interactions by binding integrins that allow ADAMs to bind and interact with substrates on neighboring cells. Most ADAMs are membrane anchored and function in the pericellular space. In contrast, ADAMTS proteins are secreted proteinases with thrombospondin type I-like repeats and cleave many ECM proteins, including aggrecan (16) .
Given their potential to have broad effects on the structural and biochemical milieu of the microenvironment, tight regulation of metalloproteinase activity must be achieved. Not surprisingly, metalloproteinases are regulated at multiple levels, including RNA transcription; protein synthesis, secretion, intracellular trafficking, and localization; zymogen activation; and inhibition by extracellular inhibitors (11) . For example, metalloproteinases can be compartmentalized in intracellular or extracellular locations, such as in granules, or sequestered by ECM components such as glycosaminoglycans. In addition, MMPs are tightly regulated in the extracellular space (17) . MT-MMPs, for example, are internalized by clathrin-dependent and -independent modes of endocytosis and transported to lysosomes or recycled back to the cell surface (18, 19) . MMPs are cleared from extracellular fluids by binding to low-density lipoprotein receptor-related protein-1 (LRP-1), leading to internalization and degradation (20, 21) . Thus, extracellular and pericellular control are important mechanisms by which MMPs are locally regulated.
Importantly, MMPs and adamalysins are also regulated by tissue inhibitors of metalloproteinases (TIMPs), which are the most important endogenous inhibitors of metalloproteinase activity (22) . The TIMP family consists of four members (TIMP1 to −4), which can reversibly bind and inhibit the activity of all MMPs and ADAMs. TIMPs contain an amino-terminal domain that specifically folds within itself and wedges into the active site of MMPs to inhibit these proteins (23) . TIMP3 is sequestered in the ECM, whereas the other TIMPs are soluble in vivo. Not surprisingly, TIMP levels are also regulated by endocytosis by binding LRP-1, demonstrating that endocytic mechanisms play an important role in regulating metalloproteinase activity (24, 25) .
Relative concentrations of metalloproteinase to TIMP levels determine overall proteolytic activity, with higher MMP/ADAM levels favoring proteolysis and higher TIMP levels favoring inhibition. In neutrophils, MMP9 is stored in tertiary granules for immediate release following stimulation with interleukin-8 or tumor necrosis factor (TNF) (26) . Interestingly, neutrophils lack TIMP1, which allows these cells to release MMP9 rapidly in an active form upon stimulation, consistent with their roles as first responders to infection or tissue damage and control processes such as angiogenesis (27) . The regulation of metalloproteinase expression and activity is therefore critical in determining myeloid cell function.
FUNCTIONS OF METALLOPROTEINASES IN MYELOID CELLS Metalloproteinases Are Important in Myeloid Cell Migration
Because metalloproteinases degrade and remodel the ECM, they play a significant role in facilitating cell migration through basement membranes and the interstitium. Collectively, MMPs are able to degrade components of the ECM including collagens, laminin, fibronectin, and fibrin, as well as aggrecan, perlecan, and nidogen. In addition, MMPs also regulate the turnover of ECM proteins (such as fibronectin) through endocytosis, as a separate mechanism to remodel the ECM (28) . Expression of both secreted and membrane-bound MMPs is a common mechanism by which cells loosen the ECM in order to move through the dense deposits of ECM proteins. Mast cells, for example, utilize MMP9 to migrate through tissue, which can be induced by proinflammatory cytokines such as TNF-α (29). MMP2 and MMP9 synergistically promote neutrophil infiltration, as knockout mice deficient in Mmp2 and Mmp9 have impaired neutrophil influx in multiple infection and inflammation models, including influenza virus infection and acute pancreatitis (30, 31) .
In addition to cleaving ECM components, metalloproteinases also regulate chemokine-induced migration. For example, macrophage-derived MMP12 cleaves and inactivates CXC-chemokine ligand 2 (CXCL2) and CXCL3, which reduces the influx of neutrophils and other macrophages, thereby attenuating the acute immune response (32) . Furthermore, metalloproteinases such as MMP14 can cleave cell surface adhesion molecules such as CD44 and syndecan to promote migration. Finally, the adamalysins also regulate migration, for example, in acute lung inflammation; deletion of Adam10 in myeloid cells results in reduced lipopolysaccharide-induced pulmonary inflammation and decreased pulmonary edema (33) . Taken together, these examples illustrate that metalloproteinases can regulate myeloid cell migration by cleaving ECM components, as well as chemokines and cell surface proteins.
Metalloproteinases Are Involved in Regulating Inflammation and Fibrosis
ADAM17 was discovered in 1997 as an enzyme that releases the membrane-bound TNF-α precursor into its soluble form (34, 35) . This discovery provided the first evidence for the physiologic activity of ADAMs. ADAM17, also known as the TNF-α-converting enzyme (TACE), is ubiquitously expressed. Increased ADAM17 catalytic activity has been associated with a variety of inflammatory diseases characterized by elevated levels of tissue TNF-α, including rheumatoid arthritis, inflammatory bowel disease, and osteoarthritis (14) . ADAM17 is the principal enzyme responsible for the release of soluble TNF-α from myeloid cells during endotoxinmediated shock (36) . ADAM17 also cleaves the TNF receptor 1 and interleukin-6 receptor to control downstream inflammatory signaling, as well as adhesion proteins such as L-selectin (reviewed in reference 37). In addition, MMPs contribute to pathologic inflammatory conditions, including arthritis, in which local macrophages express higher levels of MMP2, MMP9, MMP13, and MMP14, ultimately leading to destruction of cartilage and bone. Alveolar macrophages also express greater amounts of MMP1 and MMP12 in emphysema, and their expression levels correlate with the severity of pulmonary disease. MMP12 is responsible for generating elastin fragments that promote inflammatory cell recruitment (38) . These studies demonstrate that myeloid cell-derived metalloproteinases are important components that initiate and sustain inflammation.
Conversely, metalloproteinases are also involved in dampening the inflammatory response. For example, ADAM17 downregulates macrophage colony-stimulating factor receptor in macrophages undergoing activation (39) . In addition, ADAM8, which is expressed in lung bronchial epithelial cells and myeloid cells such as eosinophils, monocytes, macrophages, and dendritic cells, protects against allergic airway inflammation. This is mediated by the ability of ADAM8 to activate the apoptotic pathway (40) . MMPs like MMP12 also regulate the immune response by cleaving and inactivating chemokines. Following corneal injury, for example, MMP12 alters levels of CXCL1 and CCL2, which facilitates wound repair by regulating leukocyte infiltration and angiogenesis (41) . Taken together, these studies highlight the role of metalloproteinases in regulating both physiologic and pathologic systemic immune responses.
Metalloproteinases in Myeloid Cells Have Nonproteolytic Functions
Although the majority of research on MMPs has primarily focused on their catalytic activities, recent studies suggest that other domains also play critical roles. For example, MMP12 in macrophages exhibits antibacterial properties important in clearing Gram-positive and Gram-negative bacterial infections, and this activity lies within the carboxy-terminal and not the catalytic domain (42) . Remarkably, MMP12 also has antiviral properties by functioning as a transcription factor intracellularly to promote alpha interferon (IFN-α) expres-sion. Interestingly, its protease function is also important in the extracellular space to dampen IFN-α signaling, which provides an autofeedback mechanism (Fig. 2 ) (43) .
MMP14 also regulates macrophage gene expression by localizing in the nucleus and having transcription factor-like activity. MMP14 triggers phosphatidylinositol 3-kinase δ signaling to regulate the Mi-2/NuRD nucleosome remodeling complex, which controls the expression of immune response genes (44) . In addition, MMP14 regulates myeloid cell migration by controlling Rac1 activity via its cytoplasmic tail, which is necessary for macrophage fusion during osteoclast and giant-cell formation. Again, this function appears to be independent of its catalytic activity (45) . These unexpected findings illustrate that MMPs have multiple activities independent from their catalytic domains. Future work aimed at identifying MMPs with alternative functions and characterizing additional MMPs with transcription factor-like activities will yield insights into how these metalloproteinases regulate myeloid cell function.
Metalloproteinases Supplied by Myeloid Cells Promote and Restrict Cancer
Metalloproteinases are aberrantly expressed during all stages of tumorigenesis (reviewed in reference 46), whereby altered proteolysis leads to unregulated cell growth, tissue remodeling, invasion, and ultimately, metastasis. MMPs are prominently expressed in myeloid cells responding to progressing tumors (47, 48) .
In addition to their role in ECM turnover and cancer cell migration, MMPs regulate signaling pathways that control tumor growth, inflammation, and angiogenesis (Fig. 2) . For example, MMP9 is upregulated in invasive, human papillomavirus-induced skin cancer. Mice lacking MMP9 have decreased keratinocyte proliferation and incidence of invasive tumors. Interestingly, MMP9 is predominantly expressed in neutrophils, macrophages, and mast cells rather than in the tumor cells. Transplanting Mmp9-deficient mice with MMP9-sufficient bone marrow cells restores skin cancer progression in the mouse model (49) . In models of pancreatic islet carcinoma, MMP2 and MMP9 from infiltrating myeloid cells stimulate tumor cell growth and release VEGF, one of the main drivers of angiogenesis, from the ECM (50). These findings suggest that myeloid cell-derived MMPs promote tumor growth, not only by structurally reorganizing the ECM but also by releasing growth factors from the ECM that directly stimulate cell growth or enhance angiogenesis. Myeloid cells can also affect the vascular permeability of tumors and tumor responsiveness to chemotherapeutics like doxorubicin in an MMPdependent manner (51) , and myeloid cell-derived MMPs are involved in preparing the metastatic niche to facilitate colonization of new organs by circulating tumor cells (52, 53) . Whether MMPs might have nonproteolytic roles in promoting cancer remains to be determined. One possibility is that MMPs might regulate self-renewal pathways (54) or enhance invasion (55) , which may be important in maintaining the cancer stem cell niche or promoting metastasis.
Finally, MMPs can also restrict tumor progression. Loss-of-function mutations in MMP8, which is highly expressed in neutrophils, increases melanoma progression, while inactivating ADAMTS15 mutations are found in human colorectal cancer samples; expression of the wild-type metalloproteinase restricts tumor growth and progression (56, 57) . MMP12 from macrophages also suppresses growth of lung metastases and is associated with decreased tumor-associated blood vessel density in vivo (58) . In addition, conditional inactivation of ADAM10, a major proteinase that regulates Notch cleavage and activation in hematopoietic stem cells, results in a myeloproliferative disorder characterized by splenomegaly and increased numbers of myeloid cells (59) . Together, these studies highlight the remarkable contributions of MMPs and adamalysins to both promoting and restricting cancer progression and metastasis.
CONCLUSIONS AND FUTURE RESEARCH DIRECTIONS
As we have discussed, metalloproteinases produced by myeloid cells have broad roles in development and disease, and their perturbation may be therapeutically beneficial (Fig. 2) . Most MMP inhibitors, however, have been nonspecific and have focused only on targeting the MMP catalytic domain. Given their expanding nonproteolytic roles, it will be important to develop MMP inhibitors that target different domains and functions. It is also important to consider that some metalloproteinases restrict disease progression and so their paninhibition may result in worse outcomes. These issues may help explain why initial clinical trials with MMP inhibitors were disappointing in cancer patients (60) . In addition, the HPX domain is an important determinant of stem cell function and cell invasion (54, 55) . Inhibitors that selectively target specific metalloproteinases and domains, therefore, need to be developed and investigated for therapeutic potential (61) . Noncatalytic inhibitors may need to be used in combination with FIGURE 2 Functions of MMP12 and MMP9 in biological processes. MMP12 and MMP9 have contrasting roles in the processes of inflammation, angiogenesis, and metastasis, with MMP12 inhibiting these processes and MMP9 promoting them. MMP12 protects against inflammation by cleaving complements C3 and C4b and reducing complement activation, cleaving complements C3a and C5a and reducing neutrophil recruitment, and creating cleaved forms of C3b and iC3b that are potent phagocytosis enhancers (65) . In contrast, MMP9 promotes inflammation by stimulating macrophage migration and infiltration upon being activated by plasminogen (66) . MMPs also promote autoimmune disease. For example, in the skin disease bullous pemphigoid, MMP9 activated by plasmin proteolytically inactivates α1-proteinase inhibitor (α1-PI), the physiological inhibitor of neutrophil elastase (NE), which allows unrestrained activity of NE (67) . NE degrades BP180, which results in dermal-epidermal separation (68, 69) . MMP12 inhibits angiogenesis through its cleavage of plasminogen to generate angiostatin, which results in decreased endothelial cell proliferation (70) . MMP9, however, promotes angiogenesis through the release of VEGF into the extracellular matrix following activation by plasmin or upon secretion from TIMP-free neutrophils (27, 50) . Lung metastatic growth is reduced by MMP12 produced by tumor-associated macrophages, which interact with chemokines to decrease tumor-associated microvessel density (58) . Lung metastasis is increased by MMP9 produced by tumor-associated macrophages via VEGFR-1/Flt-1 tyrosine kinase, and MMP9 levels in the lungs of patients with distant tumors are significantly elevated compared with the lungs of control patients (71) . Finally, in addition to the above functions, MMP12 has direct antimicrobial activity through its HPX domain by disrupting bacterial membranes in phagolysosomes (42) . MMP12 also enhances antiviral clearance by binding to the promoter of the gene encoding IκBα (NFKBIA) and enhancing the production of IκBα, which promotes IFN-α secretion from the cell (43) . Together, these examples illustrate the diverse functions of MMPs in myeloid cells.
catalytic inhibitors for complete MMP inhibition. Since MMP HPX domains are unique, this strategy may also increase specificity. In addition, antibodies that specifically recognize certain MMP conformations or domains will also help elucidate MMP function. This would allow targeting of specific pathogenic configurations without affecting its other roles.
A more comprehensive understanding of the various functions of myeloid-derived MMPs and adamalysins will also be important, as well as of the ability to control metalloproteinase activation, localization, and expression. Given MMP12 and MMP14's surprising transcription factor activity, it will be important to characterize their gene targets, which will likely be cell type specific, and to determine whether other MMPs or adamalysins might also have transcriptional activity. It will also be crucial to elucidate how the transcriptional complex is assembled and what other proteins might be within that complex in order to better understand what novel functions are conferred. In addition, the complete substrate repertoire of myeloid cell-derived metalloproteinases in specific physiologic and pathologic conditions will be important to determine through proteomic approaches (62) . Because MMPs have unique functions depending on their location, identifying drugs that inhibit the extracellular but not the intracellular activity (or vice versa) may be necessary. Finally, utilizing microRNAs that target genes for MMPs, ADAMs, and ADAMTSs may increase specificity and be a useful strategy to modulate their expression.
Myeloid cells regulate the local microenvironment via MMPs and adamalysins. Depending on what substrates or protein-binding partners are in the vicinity, MMPs can facilitate different, sometimes opposite, biological processes (Fig. 2) . Thus, appreciating the spatial context of myeloid cells and their secreted metalloproteinases and understanding the pericellular activity of these metalloproteinases are critical. Better methods, especially imaging tools, to assess MMP and adamalysin function in vivo and in real time are needed to fully appreciate their complexity. Recent advancements in MMP imaging have come forward (47, 63) . For example, the development of dynamic high-resolution multimodal microscopy, which uses a green fluorescent proteintagged proteinase in combination with a fluorophorelabeled ECM polymer (63) , can reveal proteinase localization and activity in live cells. Finally, it will be critical to understand the timing with which different myeloid metalloproteinases act during physiologic and pathologic processes. Because the same metalloproteinase may play opposite roles during the early versus late stages, it is important to consider the timing of using MMP and adamalysin inhibitors (64) . These exciting concepts in the biology of metalloproteinases underscore their complex roles in physiology, immunity, and diseases mediated by myeloid cells and offer critical insights into strategies and considerations for the design of moreeffective therapeutics.
